An empirical method was developed for the prediction of the service life of building components, based on an evaluation of their actual performance and on the identification of failure mechanisms affecting their durability. The service life of exterior components subjected to normal service conditions is predicted. Four types of exterior claddings are exemplified: cementitious mortar, synthetic rendering, ceramic mosaic, and wet-fixing stone cladding. The proposed prediction models yield high degrees of fit to the data (R 2 in the range of 0.86 to 0.93 at a 0.0001 level of significance). Life cycle costs (LCC) analysis, following service life prediction results, is implemented for service life planning of claddings. Synthetic rendering exhibited the highest LCC effectiveness, reflecting durability and low capital costs. The method can be used for planning preventive maintenance, and evaluating economic implications of failures.
INTRODUCTION
The continuous development of the construction market in general, and the growing portion of tall structures in particular, have increased the demand for a higher quality of building maintenance. One of the principal issues at the heart of any maintenance program is the availability and reliability of engineering tools used to predict the life cycle and deterioration patterns of building components [1, 2] . The BSI defines predicted service life as "service life predicted from recorded performance or accelerated tests", and requires the definition of the methods used to establish the expected life [3] . The ASCE [4] defines building envelope evaluation as the process in which the component's suitability for its intended use is determined. This, however, implies the use of "personal and subjective judgment by those functioning in the capacity of experts". In order to reduce subjectivity in the evaluation of building components, the development of structured and methodological procedures for the evaluation of the performance of exterior building cladding components is required. The International Organization for Standardization [5] stresses that service life prediction should reduce uncertainty, seek to use available data of known quality, and take account of variability. The required precision reliability of the forecasting therefore depends on the design life of the component. A higher level of reliability is required for components that are intended to function without maintenance throughout the entire service life of the building. The Standard suggests an 80% service life prediction confidence limit as acceptable for service life planning of maintainable components.
Development in the area of durability and service life prediction has been rapid during the last decade. This may be attributed to several developments: improvements in testing methods, improved analytical methodologies, and better computational tools [6] . The purpose of service life prediction is to characterise the performance of a given component over time, under given exposure conditions. Hence, service life prediction implies definition of the deterioration environment and causes of deterioration. The increased interest in service life prediction is attributed to the growing concern for resource conservation in the building and construction sector, with attention to Life Cycle Costing (LCC), Life Cycle Assessment (LCA), and optimisation of maintenance programs [7] . The levels of degradation agents in the atmosphere (such as air pollution and acid rain) must also be quantified in order to estimate the deterioration and life cycle of building components [8] . ISO 14040 [9] defines LCA as the "compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product system throughout its life cycle". The quality of data for life cycle assessment should address time-related coverage, geographical coverage, technological coverage, precision of data, and consistency and reproducibility of methods.
The objective of the study was to implement an empirical methodology for the prediction of component service life for service life planning. Emphasis was also given to the adaptation of the proposed methodology so as to provide a tool for performance monitoring of exterior claddings as part of a maintenance management decision-making process.
METHODOLOGY
The methodology presented here follows earlier work on the development of databases listing deterioration patterns of building components based upon their actual condition [10] . It draws from the theoretical principles put forward at that stage, while attempting to develop them into a practical tool to be used by maintenance managers in service life planning.
The main feature of this methodology is the graphical depiction of typical deterioration patterns for building components, under both normal service conditions and severe service conditions. These deterioration paths, which are based on field survey data, allow for the statistical analysis of the components' life cycle behaviour, as well as for an estimation of their service life expectancies and costs.
Implementation of the methodology on building components subjected to standard service conditions follows three steps, as described below.
Evaluation of building component performance
This preliminary step is based upon a systematic evaluation of the physical and visual degradation of similar building components at different ages, sampled by means of extensive field surveys. As an illustration, the physical and visual rating scales used in the evaluation of external cladding systems are presented in Tables 1 and 2 , respectively. Cladding surface is not uniform due to physical damage or discolouring. 80
Cladding surface is not uniform due to minor cracks, fallen-off tiles, micro organisms or distinctions in cladding colour. 100
Cladding surface is undamaged and uniform (no visible cracks or missing elements and no discolouring).
Each observed component performance (CP) is subsequently ranked on a scale of 0 to 100, based on its averaged physical and visual scores. A performance level of 100 indicates no defects or signs of failure, 80 indicates incipient deterioration, 60 points to an exceedingly deteriorated yet marginal condition, whereas 40 represent severe failure.
The CP thus describes the symptomatic effects of deterioration due to the impact of several factors (e.g. quality of materials, intensity of use, environmental factors, etc.) on the service conditions and durability of the said component. 
Development of typical deterioration paths (TDP)
The development of typical deterioration patterns (TDP) is accomplished by means of graphs, in which the age of the component is the independent variable and the component performance (CP), as evaluated in the preceding stage, is the dependent variable. A typical deterioration path is determined using regression analysis, and reflects the average change over time in the component's performance level for the specific deterioration mechanism analyzed. Similarly, boundaries of a (1 -α) 100% prediction interval can be established for the statistical evaluation of errors associated with the prediction of future observations.
Theoretically, three types of deterioration paths may be encountered: (1) Linear paths, which are typical of situations in which a degradation agent (e.g. wind erosion, intensive air pollution) exerts a continuous and constant impact on the component. (2) Concave or convex paths, which characterize a physical or chemical phenomenon that exerts an initially rapid (or slow) effect and that progressively slows down (or accelerates). In such cases, transformations of the involved variables, by means of logarithmic or exponential functions, will usually permit the performance of linear regression analysis. (3) Non-linear paths, which characterize a phenomenon of variable intensity or impact. In such cases, statistical analyses cannot rely on the linear model.
Prediction of service life and component performance
The previously described graphs, which depict typical deterioration patterns, provide quantitative means for the prediction of the service life of building components at different levels of desired performance, based upon their actual condition. Predicted service life (PSL) is deduced from the intersection of the typical deterioration path (TDP) with the minimum required component performance (MRCP) (see Figure 1 ). This predicted service life represents a situation in which a specific agent is the only agent to affect the component. The procedure should therefore be performed separately for normal service conditions and for each deterioration mechanism. The predicted service life interval (PSLI) is determined from the intersections between the minimum required component performance (MRCP) and the lower and upper boundaries of the computed prediction interval (PI). The PSLI represents the time interval for which a (1-α) 100% probability exists of finding a future PSL value for the required CP.
In a similar manner (see Figure 2) , the (1-α) 100% predicted component performance interval (PCPI) can be deduced from the intersections of the component's age and the lower and upper boundaries of the computed prediction interval (PI). The PCPI reflects the error in predicting a future component performance level at the given service age. 
FINDINGS
The capabilities of the proposed method are exemplified here for four types of exterior cladding components: cementitious mortar, synthetic rendering, ceramic mosaic, and wetfixing stone cladding. Standard conditions, resulting from proper design, proper building procedures, and from adequate maintenance, were taken under consideration for each type of cladding. The field survey encompassed 87 data points, from which four scatter diagrams were obtained, one for each cladding category. Data concerning building parameters and cladding performance evaluation were gathered using a pre-tested form.
From the initial inspection of the graphical data, the hypothesis of linear deterioration paths could be reasonably concluded for each cladding type. Nonetheless, and in order to evaluate the accuracy of the prediction equations, residuals were examined for the detection of possible violations of the linear model assumptions. Plotted residuals for the different cladding categories showed random patterns of fluctuation around a value of zero, as well as homogeneous variance. The normal error assumption, however, could not be fully substantiated (especially as far as the ceramic mosaic cladding was concerned), problably due to the limited size of the samples. Since the performed analyses all yielded linear regression lines with high degrees of fit to the data (squared correlation coefficients ranged between R 2 =0.86 and R 2 =0.93, at a 0.0001 level of significance), the regression lines are still expected to produce adequate predictions of the service life of cladding components at different levels of performance.
The predicted service life were deduced from the intersections between each typical deterioration path and the 60 performance level line (i.e. MRCP=60). Confidence limits for service life prediction were set at the 80% level, as suggested by ISO [5] .
The typical deterioration path depicted in Figure 3 is the result of a regression analysis carried out on 20 data points of exterior cementitious mortar identified as having deteriorated under normal service conditions. The regression line shows that the cladding's performance deteriorates to the 60-level after 15 years.
In a similar manner it was found that the Predicted Service Life of synthetic rendering is 21 years, ceramic mosaic claddings exemplifies a Predicted service life of 18 years, and wetfixing stone cladding exemplified a SLE of 44 years exibiting the longest service life under standard service conditions. Table 3 summarizes the components' predicted service life and service life interval, under normal service conditions, for each type of cladding. The characterized degradation patterns point to linear patterns, which indicate determinant and continuous mechanisms of degradation over time for all four exterior cladding systems studied, although the progression of deterioration is different in each case. The 80% prediction interval eflects the variability of the deviations around the regression line. The prediction intervals obtained for the soft claddings (cementitious and synthetic renderings) are broader, indicating that the variability in the actual measurements of these claddings is significant.
LIFE CYCLE COSTS ANALYSIS
The deterioration pattern in wet-fixing stone cladding is the most moderate, reflecting the durability of this cladding material and the appropriate workmanship exhibited in the implementation of this system.
The rate of deterioration of ceramic mosaic is significantly faster than that of stone and very similar to that of the synthetic rendering. The rate of deterioration of the synthetic rendering is relatively moderate (2.30 points/year), and thus reflects a more durable material than the cementitious rendering (2.6 points/year).
The findings show that for a MRCP of 60, predicted service life of cementitious and synthetic renderings under normal conditions (SLE) range between 15-21 years for SLE. The life cycle of synthetic rendering is longer than that of ceramic mosaic. The latter finding can be explained by insufficient experience in the design and implementation of ceramic mosaics in Israel.
LCC analysis was carried out based on the principles put forward in ISO 15686-1 [10] for service life planning and in ASTM E917 [11] . The following assumptions were made:
(1) Annual maintenance and repair costs were deduced from the maintenance and repair activities as required by the Israeli Standard. These activities included annual inspections by the facility manager and preventive inspections by a specialist (once every five years). The following assumptions were made: Maintenance and repair costs constitute 1.5% of reinstatement value for cementitiuous mortar, and 1% of reinstatement value for all other claddings; R -Replacement costs are equal to cost of repair of substrate layer, and implementation of the top layer (e.g. repair of leveling layer of cemetitious mortar and implementation of finishing layer); Resale and salvage value is neglible.
(1) (2) The life cycle cost analysis (presented in Table 4 ) resulted in the following findings: 1. PVLCC of the synthetic renderings was the lowest among the four alternatives examined in this study.
2. Maintenance and replacements costs accounted for less than the initial costs of all exterior cladding components examined. This finding reflects the durability of most materials under normal service conditions. Flanagan et al. [12] indicated that, over the service life of a building superstructure (30 years), maintenance and repair costs account for 60% of the initial costs. The proportions of maintenance and repair costs for exterior claddings in this study were diverse: stone and synthetic claddings exhibited low expenditures on maintenance and replacements, whereas the ceramic mosaic and cemetitious mortar exhibited higher maintenance and replacements costs. Nevertheless, the building design life in this analysis was assumed to be 50 years compared with 30 years according to Flanagan et al.'s. Thus, the figures are lower than those indicated by Flanagan et al., a fact that reflects longer service life and lower maintenance and replacements costs.
3. Ceramic mosaic provides savings of up to 22% of the LCC compared with stone cladding. However, the former cladding requires two replacements in the course of the 50-year DLC compared with no replacement of the stone cladding. The difference between these two cladding types would be reduced if additional costs attributed to inconvenience due to replacements of the exterior cladding were taken into account as well. Furthermore, in tall buildings where the costs of scaffoldings may be higher, the difference between the two systems would be even smaller. 4 . A comparison between the ceramic mosaic cladding and the "soft" claddings (cementitious mortar and synthetic renderings) showed that ceramic mosaic is higher in both initial and in Life Cycle Costs. This finding is indicative of the short service life as depicted in the predicted service life of ceramic mosaics in this study.
5. Predicted service life intervals and respective life cycle costs show that th reliability of LCC of stone claddings through the designe life of the building is the highest. 
DISCUSSION
The research developed a statistical approach towards the life cycle costing of exterior claddings in buildings. Service life prediction of exterior claddings have been developed for normal service conditions using an empirical-statistical method. The proposed method produced a predicted service life interval at a 0.80 confidence limit.. This approah provides advanced analytical tool for the planning of a building life cycle costs, maintenance and operation. Furthermore, the proposed approach can be used for detailed analysis of building configurations at the early design stage of buildings. The implementation of a confidence limit interval is demonstrated to be of a high importance to the implementation of a Lif Cycle Costs analysis and service life planning; it allows to classify building components with large deviations -such components may be treated by minimizing the uncertainty in the Life Cycle Costs of the entire building using components with highr reliability, i.e narrower service life prediction intervals.
CONCLUSION
An empirical method for the prediction of life cycle expectancies was implemented in this study for service life planning using principles of Life Cycle Costing. Four types of exterior claddings: cementitious mortar, synthetic rendering, ceramic mosaic, and wet-fixing stone cladding were investigated. Performance evaluation of samples of the different cladding systems under standard service conditions lead to the conclusion that deterioration of the various claddings over time can be characterized by linear patterns. The stone cladding (wetfixing) was found to be the most durable (SLE=44), whereas the cementitious mortar was the least durable (SLE=15). The method provides means to estimate 80%-prediction time intervals in which cladding components will reach a pre-determined minimum performance level. Service life planning is based on Life Cycle Costing analysis following the principles put forward in ISO 15686-1 and ASTM E-917. The analysis concluded that maintenance and replacement costs account to between 10-80% of the initial capital cost. The synthetic rendering exhibited the best LCC effectiveness, reflecting its durability and low capital costs, while the wet-fixing stone cladding exhibited the highest LCC due to its high capital costs.
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